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APPARATUS AND METHOD FOR CONTROLLING 
THE OPERATING WAVELENGTH OF A LASER DIODE 
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Field of the Invention 

The present invention is directed generally to tunable laser diodes and 
more particularly to a method and apparatus for monitoring and controlling the 
1 5 operating wavelength of a laser diode. 

Background 

The widespread introduction of wavelength division multiplexed (WDM) 
optical transmission systems relies on the availability of optical transmitters 
operating at precisely controlled wavelengths. Such transmitters typically use 

20 wavelength selected laser diodes as the optical source. Typical WDM systems 
operate with many wavelengths, uniformly spaced by frequency, operating in 
the so-called C-band, a window of gain provided by the erbium-doped fiber 
amplifier. For example, in accordance with the optical communications 
standards set by the International Telecommunications Union (ITU), a WDM 

25 system may operate with 80 channels of different wavelengths uniformly 

spaced by a channel spacing of 50 GHz. It is anticipated that future systems 
will operate with greater numbers of channels and with smaller interchannel 
spacings. 
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It is also desirable that WDM systems operate with lasers that are locked 
to the particular channel frequency, without long-term drift. If the wavelength of 
the laser drifts, the system may suffer unacceptable crosstalk in adjacent 
channels. A typical requirement is that the output of the laser does not drift by 
5 more than 3 GHz over a span of twenty years. A typical laser diode will 
naturally drift by an amount considerably greater than 3 GHz over this time 
period, the actual amount of the drift being dependent on specific aging 
characteristics of the laser. 

This time-dependent frequency drift can be minimized, if not avoided 
10 altogether, by wavelength locking the laser, that is deliberately changing an 
operating characteristic of the device that affects the output wavelength, such 
O as temperature or current, to compensate for the natural frequency drift. This 

in requires a fixed, known frequency reference. It is often desirable for network 

^ management purposes that each laser be locked locally to its own reference, 

fU 1 5 preferably within the laser diode package. It is also desirable that a single, 

standard reference assembly can be used with any one of a multitude of fixed 
frequencies, or with a tunable laser capable of operation at any such 
wavelength. This enables a widely tunable laser to be used at any of the 
channel frequencies, and avoids the requirement that the laser be selected to 
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p 20 operate within only a small fraction of the channels 



Various wavelength locking solutions have been proposed, including the 
use of crystal gratings and fiber Bragg gratings, interference filters and etalons. 
Crystal and fiber Bragg gratings are optimized for operation at one wavelength 
and do not fit easily into a standard laser diode package. Interference filters 
25 can fit inside a laser package, but are optimized for only one wavelength. 

Etalons have been the subject of significant development in wavelength 
locking schemes. However, when used with multiple wavelengths, etalons are 
extremely sensitive to angular alignment and thickness tolerances. This is 
because the absolute wavelength and the wavelength spacing are both a 
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function of etalon thickness and angle. Since the thickness cannot be varied, 
both the thickness and angle must be held to a tight tolerance. 

Therefore, there is a need for an approach to stabilizing the wavelength 
of a laser output that is low cost, easily adjustable in production and sufficiently 
compact to fit into a standard laser package. Furthermore, since the 
wavelength locker may be used to stabilize the output from a backup laser 
diode that substitutes for a laser that has failed, the wavelength locker should 
operate at any wavelength over the WDM band. 

Summary of the Invention 

Generally, the present invention relates to an approach to locking the 
output wavelength of a laser that uses an etalon having non-parallel surfaces. 
Under this approach, the non-parallel etalon is formed from a readily available, 
low cost optical component. This approach offers significant advantages over 
the use of a planar etalon. It provides two degrees of freedom in alignment of 
the device, and so both the absolute wavelength and the spacing between the 
interference fringes can be independently adjusted. It also reduces the cost 
and difficulty of assembly, since it utilizes standard optical parts with wide 
tolerances. The invention may be used within a standard laser package. 

In one particular embodiment of the invention, a laser system includes a 
laser producing output light and a non-planar etalon coupled to receive at least 
a portion of the output light. The non-planar etalon has at least one non-planar 
surface. The output light received by the non-planar etalon is formed into a 
fringe pattern. A detector unit has first and second detecting portions that 
detect respective first and second portions of the fringe pattern. 

In another embodiment of the invention, a method of stabilizing an 
output wavelength of a laser includes forming an etalon fringe pattern using 
light generated by the laser incident on a non-planar etalon and detecting 
amounts of light in first and second portions of the etalon fringe pattern. The 
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laser wavelength is then adjusted in response to the detected amounts of light 
in the first and second portions of the etalon fringe pattern 

In another embodiment of the invention, a wavelength stabilized laser 
includes non-planar means for forming an etalon fringe pattern using light 
generated by the laser and means for detecting amounts of light in first and 
second portions of the etalon fringe pattern. The laser also includes means for 
adjusting an operating wavelength of the laser in response to the detected 
amounts of light in the first and second portions of the etalon fringe pattern. 

Another particular embodiment of the invention includes a laser system 
having a laser producing output light and a non-parallel etalon disposed to 
receive at least a portion of the output light, output light reflected by the non- 
parallel etalon being formed into a fringe pattern. A detector unit has first and 
second detectors disposed to detect respective first and second portions of the 
fringe pattern reflected from the non-parallel etalon. 

Another method of the present invention is directed to stabilizing an 
output wavelength of a laser by forming an etalon fringe pattern using light 
generated by the laser incident on a non-parallel etalon, detecting amounts of 
light in first and second portions of the etalon fringe pattern formed by light 
reflected from the non-planar etalon, and adjusting an operating wavelength in 
response to the detected amounts of light in the first and second portions of the 
etalon fringe pattern. 

Another embodiment of the invention is a laser that includes non-parallel 
etalon means for forming an etalon fringe pattern using light generated by the 
laser, and means for detecting amounts of light in first and second portions of 
the etalon fringe pattern formed by light reflected from the non-planar etalon 
means. The laser also includes means for adjusting an operating wavelength 
in response to the detected amounts of light in the first and second portions of 
the etalon fringe pattern. 
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Yet another embodiment of the invention is directed to a laser system 
that includes a laser producing a light output and an etalon mounted to provide 
at least translational and tilt adjustments of the etalon relative to the light 
output, the etalon producing a fringe pattern from the light output. A detector 
5 unit detects at least first and second portions of the fringe pattern. 

Another embodiment of the invention is directed to a method of locking 
an operating wavelength of a laser. The method includes directing light from a 
laser to an etalon, adjusting a position of the etalon in a direction perpendicular 
to a direction of the light incident on the etalon and adjusting a tilt orientation of 

1 0 the etalon relative to the direction of the light incident on the etalon. At least 
two portions of a fringe pattern generated by the light incident on the etalon are 
detected to form respective detector signals. 

Another embodiment of the invention is directed to a wavelength locked 
laser that includes means for directing light from a laser to an etalon, means for 

1 5 adjusting position of the etalon in a direction perpendicular to a direction of the 
light incident on the etalon, and means for adjusting a tilt orientation of the 
etalon relative to the direction of the light incident on the etalon. The laser also 
includes means for detecting at least two portions of a fringe pattern generated 
by the light incident on the etalon to form respective detector signals. 

20 Another embodiment of a laser system is directed to a laser system that 

includes a tunable laser diode producing a light output incident on a wavelength 
selective filter having a periodic frequency response and a detector unit to 
detect at least a portion of light output from the wavelength selective filter. A 
control unit is coupled to receive detector signals from the detector unit and to 

25 apply one or more tuning signals to the tunable laser diode. The control unit 
has a memory unit storing information relating magnitudes of the one or more 
tuning signals to a set of laser operating wavelengths. The control unit selects 
a set of one or more tuning signals corresponding to a selected operating 
wavelength, and adjusts the one or more tuning signals in response to the 
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detector signals so as to match an actual laser operating wavelength to the 
selected operating wavelength. 

Another embodiment of the invention is directed to a method of 
stabilizing an operating wavelength of a tunable laser diode. The method 
5 includes selecting, from a memory, a set of one or more tuning signals 

corresponding to a selected operating wavelength and applying the set of one 
or more tuning signals to the tunable laser diode. The method also includes 
directing light from the tunable laser diode to a wavelength selective filter 
having a periodic frequency response and detecting portions of light 
1 0 propagating from the wavelength selective filter to form detector signals. One 
or more tuning signals are then adjusted in response to the detector signals. 

Another embodiment of the invention is directed to a tunable laser diode 
system that includes means for selecting a set of one or more tuning signals 
Si corresponding to a selected operating wavelength from a memory, means for 

ry 1 5 applying the set of one or more tuning signals to the tunable laser diode, and 
^ means for directing light from the laser to a wavelength selective filter having a 

5 periodic frequency response. The laser also includes means for detecting 

[n portions of light propagating from the wavelength selective filter to form detector 

signals, and means for adjusting the one or more tuning signals in response to 
20 the detector signals. 

The above summary of the present invention is not intended to describe 
each illustrated embodiment or every implementation of the present invention. 
The figures and the detailed description which follow more particularly 
exemplify these embodiments. 

25 Brief Description of the Drawings 

The invention may be more completely understood in consideration of 
the following detailed description of various embodiments of the invention in 
connection with the accompanying drawings, in which: 
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FIG. 1 schematically illustrates an optical configuration of laser and a 
non-parallel etalon used for wavelength locking, according to an emb odime nt of 
the present invention; 

FIGs. 2A-2D schematically illustrate different configurations of non- 
5 parallel etalon and optical beam incident on the non-parallel etalon; 

FIG. 3 schematically illustrates a fringe pattern reflected from a non- 
parallel etalon and indicates relative detector positions for detecting the fringe 
pattern, according to the present invention; 

FIG. 4 schematically illustrates a fringe pattern produced by a non- 
10 parallel etalon and indicates relative detector positions spaced apart by 
approximately 90°, according to the present invention; 

FIG. 5 schematically illustrates detector signals as a function of 
wavelength, according to the present invention; 

FIG. 6 schematically illustrates an embodiment of a system for adjusting 



fy 15 and stabilizing wavelength of a tunable laser, according to the present 
S invention; 

1 FIG. 7 presents steps for an embodiment of a method for locking 

Q 

yi emission wavelength according to the present invention; 

^ FIGs. 8A and 8B schematically illustrate degrees of freedom of 

Q 20 adjustability for a non-parallel etalon and planar etalon respectively; 

FIG. 9 schematically illustrates a detector configuration used with circular 

fringes produced by a non-planar etalon according to an^mbodi^ of the 

present invention; 

FIGs. 10A and 10B schematically illustrate detector configurations used 
25 with linear fringes produced by a non-planar etalon according an embodimen t 
of the present invention; 

FIGs. 1 1 A and 1 1 B illustrate an embodiment of the present invention 
using a prism etalon; and 
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FIG. 12 schematically illustrates an optical communications system that 
includes a laser whose wavelength is stabilized according to the present 
invention. 

While the invention is amenable to various modifications and alternative 
5 forms, specifics thereof have been shown by way of example in the drawings 
and will be described in detail. It should be understood, however, that the 
intention is not to limit the invention to the particular embodiments described. 
On the contrary, the intention is to cover all modifications, equivalents, and 
alternatives falling within the spirit and scope of the invention as defined by the 
10 appended claims. 

Detailed Description 

The invention provides a compact wavelength monitoring assembly for 
use in conjunction with tunable laser sources. The wavelength monitoring 
assembly is used for stabilization of the emission wavelength and for locking 
1 5 the wavelength to an electrical reference signal. The compact optical 



n configuration of the assembly makes the device particularly well suited for 

□ 

In incorporation inside standard packages that are used in telecommunications 

f*f applications. 

In general, the present invention is directed to a new approach to 
20 wavelength locking that employs an etalon having non-parallel surfaces. This 
approach offers two significant advantages over the use of a planar etalon. 
First, it provides two degrees of freedom in alignment of the device, and so both 
the absolute wavelength and the spacing between the interference fringes can 
be independently adjusted. Second, it reduces the cost and difficulty of 
25 assembly, since it utilizes standard optical parts having with wide tolerances. 

The invention is directed to a compact wavelength monitoring assembly 
for use in conjunction with tunable laser sources. The wavelength monitoring 
assembly is used for stabilization of the emission wavelength and for locking 
the wavelength to an -electrical reference signal. The compact optical 
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configuration of the assembly makes the device particularly well suited for 
incorporation inside standard packages that are used in telecommunications. 

One particular embodiment of a wavelength stabilized tunable source 
100 is schematically illustrated in FIG. 1 . Light is generated by a tunable 
semiconductor laser 102. The laser may be any suitable type of semiconductor 
laser that produces a tunable output. Monolithically tunable lasers are often 
used in optical communications applications, such as distributed Bragg reflector 
(DBR) lasers, grating coupled, sampled Bragg reflector (GCSR) lasers, for 
example as described in "74 nm Wavelength Tuning Range of an InGaAsP 
Vertical Grating Assisted Codirectional Coupler Laser with Rear Sampled 
Grating Reflector" by M. Oberg et al., IEEE Photonics Technology Letters, Vol. 
5, No. 7, pp. 735-738, July 1993, incorporated herein by reference, and in U.S. 
Patent No. 5,621,828, also incorporated herein by reference, and vernier, dual 
DBR lasers, for example as described in U.S. Patent No. 4,896,325. 

The divergence of the light emitted by the laser 102 is reduced using a 
lens 104. The light beam 106 passing out of the lens 104 may be 
approximately collimated, or may be convergent or divergent. In the sense 
used here, the term "collimated" means that the convergence or divergence of 
the light beam is negligible over the beam path of interest. For purposes of 
clarity, it is assumed in the following description that the light beam 106 is 
collimated. It will be appreciated, however, that the present invention also 
operates convergent and divergent light. 

The light beam 106 passes through an optical isolator 108, which 
permits light to pass in the forward direction, but which blocks light passing in 
the backwards direction from reaching the laser 102. This prevents reflected 
light from re-entering the laser cavity and adversely affecting the stability of the 
light output form the laser. After passing through the isolator 108, a 
beamsplitter 110 splits a fraction of the beam 106 for transmission to a non- 
parallel etalon (NPE) 112. The remaining beam 1 14 may be directed to a 
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focusing lens 1 16 for coupling into a fiber 118. Typically, the optical power 
coupled into the fiber 118 constitutes the useful output light from the laser 102 
and is used for forming an optical communications signal. Typically, the optical 
power in the probe beam 120, directed to the NPE 1 12, is around a few per 
5 cent of the power in the remaining beam 1 14. 

One purpose of the present invention is to monitor the emission 
wavelength of the laser 102 and to provide control signals that can be used for 
stabilizing the wavelength to an external reference. The emission wavelength 
of the laser 102 can thereby be stabilized to a predefined value. Thus, the 

1 0 laser 1 02 may be operable at one of a number of optical channel wavelengths. 

The probe beam 120 propagates to the NPE 112, which operates as a 
spatial wavelength selective filter. The NPE 1 12 is formed from material that 
transmits light at the output wavelength of the laser 102, for example glass or 
plastic. The NPE 112 has surfaces that are non-parallel, and may be wedged 

15 or may include at least one non-planar surface. A non-planar surface may 
assume any type of shape, including spherical, aspherical, toroidal, or 
cylindrical shapes. If the etalon includes a non-planar surface, it may be 
referred to as a non-planar etalon. 

In the illustrated embodiment, the first face 122 of the NPE 112 has an 

20 optical reflectivity R1 and a radius of curvature r1 . The second face 124 has an 
optical reflectivity R2 and a radius of curvature r2. The magnitudes of the 
surface reflectivities, R1 and R2, may be equal , although they need not be 
equal. For example, if the NPE 1 12 is formed from glass having uncoated 
surfaces 122 and 124, then the reflectivities R1 and R2 are determined by the 

25 difference in refractive index between the material of the NPE 1 12 and the 
medium in which the NPE 1 12 is immersed. If the NPE 1 12 is formed from 
glass, having a refractive index of around 1.5, and is immersed in air, then the 
reflectivity of each surface 122 and 124 is around 4%. It will be appreciated 
that the surfaces 122 and 124 may also be provided with coatings having 
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specific reflective values in the range from greater than 0% to 100%. In the 
present invention, the reflectivities R1 and R2 typically lie in the range 1% - 
50%, but need not be restricted to this range. 

The surfaces 122 and 124 may also have different values of r1 and r2. 
5 In the illustrated embodiment, r1 has a negative value, and thus exhibits 

negative refracting power, while r2 is infinite, so that the second surface 124 is 
flat. It will be appreciated that the present invention is not restricted to this 
arrangement of the surfaces 122 and 124. The surfaces 122 and 124 may 
exhibit positive, negative, or zero refracting power. In a wedged NPE 112, both 
10 surfaces 122 and 124 have infinite radius of curvature. 

When the probe beam 120 is incident on the NPE 112, the beam 120 
P experiences multiple reflections off the first and second surfaces 122 and 124 

inside the NPE 1 1 2. Consequently, the light incident on the NPE 1 1 2 is 
y partially reflected at the first surface 122 and partially transmitted into the 

111 1 5 material of the NPE 112. This partially transmitted beam propagates towards 
^ the second surface 124 where it is again partially transmitted and partially 

reflected. The light undergoes a series of internal reflections within the NPE 

□ 

[n 1 12. The total optical power reflected from the NPE 112 towards the 

^ beamsplitter 110 may be determined from coherent addition of all partially 

Q 20 reflected beams. Likewise, the total optical power transmitted through the NPE 
1 12 in the forward direction may be determined by coherent addition of all 
partially transmitted beams. The term "coherent addition" means that the 
optical fields of the partial field contributions are added using the field amplitude 
and phase. 

25 The light beam 126 reflected by the NPE 112 may be detected using a 

detector unit 128. The detector unit 128 is able to detect phase information of 
the interference fringe pattern formed by the NPE 112, and may be a spatially 
modulated detector having at least two detecting portions 128a and 128b, for 
example photodetectors, that independently detect portions of the reflected 
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beam 126, as will be described below. The detector unit 128 may also include 
an array of detecting portions. Alternatively, the detector unit 128 may include 
a large area detector to detect the entire reflected beam 126. 

The light beam 130 transmitted through the NPE 1 12 may be detected 
using a detector unit 1 32. Like the detector unit 128, detector unit 1 32 may be 
a spatially modulated detector having at least two detecting portions 132a and 
132b to detect phase information of the interference fringe pattern transmitted 
through the NPE 112. In addition, one of the detector units 128 and 132 may 
be a large area detector positioned to detect the entire reflected beam 126 or 
transmitted beam 130. One or both of the detector units 128 and 132 may be 
present. 

In an advantageous embodiment of the present invention, the detector 
unit 128 includes two detecting portions 128a and 128b for monitoring the 
wavelength of the light emitted by the laser 102, in the manner described 
below, while the detector unit 132 includes a large area detector to detect the 
entire transmitted beam 130. The signal produced by the large area detector is 
proportional to the power of the light output by the laser 102 and, with suitable 
calibration, may be used to monitor the power output by the laser 1 02. An 
advantage of this approach is that the detector unit 128 may detect a fringe 
pattern in the reflected beam 126. This is due in part to the larger dynamic 
range of the reflected fringe pattern, that is the relative difference between the 
maximum and minimum detected signals. Thus, it is easier to detect a fringe 
pattern in the reflected beam 126, even when the surface reflectivities, R1 and 
R2, are low. 

In another embodiment of the present invention, the detector unit 132 
may include two independent detectors 132a and 132b for monitoring the laser 
wavelength while the detector unit 128 includes a large area detector for 
monitoring the power output by the laser 102. 
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The reflected beam 126 and the transmitted beam 130 are spatially 
modulated over their respective beam cross-sections since the optical path 
through the NPE 1 12 varies as a function of transverse position. 
Consequently, interference fringes are formed in the beams 126 and 130. 
5 Cross-sectional areas of the respective beams 126 and 130 that correspond to 
constructive interference are relatively brighter regions, while regions that 
correspond to destructive interference are relatively dark regions. 

The laser 102 operates under control of a control unit 140. The control 
unit 140 provides one or more currents to respective sections of the laser 102 
10 for providing gain and fortuning the laser 102 to a desired wavelength. The 
control unit 140 may also control the operating temperature of the laser 102, for 
p example by controlling a thermoelectric cooling unit on which the laser 102 is 

^ mounted, or by controlling the internal temperature of the housing 142 

Si surrounding the laser system. The control unit 140 may also be connected to 

ry 15 receive detection signals from the detector units 128 and 132. The control unit 
140 may adjust one or more of the currents that tune the laser 102 in response 
to the signals received from the detector units 128 and 132. Laser sources in 
J> WDM transmitter systems are typically operated at constant power level, so the 

control unit 140 may adjust the drive current to achieve constant power from 
20 the laser 102, in response to the signals received from one or more of the 
detector units 128 and 132. 

As was indicated above, the light incident on the NPE 1 12 may be in 
different states of collimation, and the NPE itself 1 12 may have more than one 
curved surface and may also exhibit positive or negative refractive power. This 
25 is illustrated schematically further in FIGs. 2A - 2D, which show further 

embodiments of NPE 112., In FIG. 2A. the probe beam 220 is collimated, and 
is incident on an NPE 212 that has a flat first surface 222 and a concave 
second surface 224 that provides negative refractive power. Consequently, the 
transmitted beam 230 diverges away from the NPE 212. 
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In FIG. 2B, the probe beam 240 is diverging as it enters the NPE 232. In 
this particular embodiment, the NPE 232 has a convex first surface 242 that 
provides positive refractive power and a flat second surface 244. Consequently 
the divergence of the transmitted beam 250 is less than the divergence of the 
probe beam 240. 

In FIG. 2C, the probe beam 260 is converging as it enters the NPE 252. 
In this particular embodiment, the NPE 252 has a concave first surface 262 and 
a concave second surface 264, each of which provides negative refractive 
power. Consequently the divergence of the transmitted beam 270 is greater 
than the divergence of the probe beam 260. 

In FIG. 2D, the probe beam is collimated as it enters the NPE 272. In 
this particular embodiment, the NPE 272 is wedged, with flat surfaces 282 and 
284. Consequently, the divergence of the transmitted beam 290 is the same as 
divergence of the probe beam 280. 

It will be appreciated that different combinations of NPE surfaces may be 
used with probe beams of different degrees of collimation, convergence or 
divergence. It will also be appreciated that the NPE need not be used with light 
extracted from the output at the front of the laser 102, but may also be used 
with light leaking from the rear of the laser 102. 

An example of an interference fringe pattern 302 in the reflected beam 
126 is illustrated in FIG. 3, as measured in the plane of the detector unit 128. 
The fringe pattern 302 is shown as a plot of intensity vs. spatial position, x. 
This fringe pattern corresponds to one generated by a NPE having a circularly 
symmetric, curved surface, such as a spherical or aspherical surface. The 
dominant center peak 304 corresponds to the center fringe of a circular fringe 
pattern, and the first peak 306 corresponds to the first outer ring fringe. 

The interference pattern 302 varies periodically with wavelength when 
the wavelength of the light produced by the laser 102 is changed monotonically. 
The fringe pattern 302 shows a fringe separation between the center fringe 304 
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and the first fringe 306 of around 0.05 cm. The fringe separation between the 
first fringe 306 and second fringe 308 is approximately 0.03 cm. Thus, the 
fringe spacing varies with position across the beam. Therefore, if the detector 
unit 128 includes two detectors spaced apart by 0.05 cm, shown respectively as 
5 310 and 312, then the first detector 310 detects a large signal resulting from the 
center fringe 304 and the second detector detects a signal resulting for the first 
fringe 306. 

The pattern of bright and dark fringes varies when the wavelength is 
tuned. If, for example, a certain spatial co-ordinate of the beam 126 exhibits a 

1 0 fringe of maximum brightness at a first wavelength, then the irradiance at that 
particular spatial co-ordinate decreases as the wavelength of the output from 
the laser 102 is changed monotonically, reaching a minimum brightness value 
at a second wavelength. If the laser output wavelength continues to be 
changed, the brightness of the spatial co-ordinate of the beam 126 increases 

1 5 back to a maximum value for a third wavelength. The value of the second 
wavelength is approximately mid-way between the values of the first and third 
wavelengths. 

The particular formation in which the fringes change with wavelength is 
dependent on the shapes of the surfaces of the NPE. For example, for a NPE 

20 having a curved surface that is circularly symmetrical, such as a spherical 
surface, the fringe pattern is typically circular. The fringes expand or contract 
radially, depending on the direction of the change in wavelength. When a 
wedged NPE is used, the fringes are typically linear. The fringes move in a 
direction parallel to the inter-fringe spacing when the wavelength is changed. 

25 The phase difference between any two arbitrary spatial co-ordinates in 

the fringe pattern is dependent on the wavelength of the light passing through 
the NPE. When measuring the wavelength of a laser operating in a WDM 
transmitter, the total tuning range of the light is small relative to the wavelength. 
For example, the laser light may be tuned over a range of about 0.2% of its 
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wavelength. As a result of changing the wavelength, the fringe separation also 
changes by only about 0.2%. Therefore, since the fringe separation change 
over the tuning range of the laser is so small, it may be assumed that the phase 
difference between two arbitrary spatial co-ordinates of the fringe pattern is 
5 constant over the tuning range, irrespective of the actual wavelength. 

Since the two detectors 310 and 312 detect fringe peaks simultaneously, 
as illustrated in FIG. 3, the detectors may be said to be "in phase", or separated 
by 360°. This need not be the case, and the detector spacing may be selected 
so that the two detectors do not detect fringe peaks simultaneously. For 
1 0 example, detector 310 may be positioned to detect the center fringe 304 while 
detector 312 is positioned to detect the signal minimum 314. In such a case, 
the detectors are said to be out of phase, or separated by 180°. 
<*j In some cases, it is advantageous not to have the detector spacing at 

si either 1 80° or 360°, since the derivative of the detector signal with respect to 

JjJ 1 5 wavelength may be close to zero for both detectors when the separation is 
W either 1 80° and 360°. Thus, it may be difficult to determine whether the 

wavelength is increasing or decreasing. If, on the other hand, the separation 
between the detectors 410 and 412 is at some intermediate value, for example 
W 90° as illustrated for the fringe pattern 402 in FIG. 4, then for no wavelength is 

□ 20 there a condition where the derivative of the detector signal with wavelength is 
^ close to zero for both detectors, at least over the tuning range of interest. 

Where the detector separation is 90°, the derivative of the signal produced by 
one of the detectors is close to a maximum value when the derivative of the 
signal of the other detector is close to zero. More broadly stated, the derivative 
25 of the signal produced by one of the detectors is close to a maximum value 
when the derivative of the signal of the other detector is close to zero for 
detector spacings of 90° plus integral multiples of 180°. 

Use of the invention for stabilizing the output wavelength of the laser 1 02 
is now discussed with respect to FIG. 5, which schematically illustrates the 
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periodic behavior of the signals from a pair of detectors in a detector unit 128 
or 132, with respect to changing wavelength. An advantage of using a detector 
unit 128 that detects light reflected by the NPE 112, rather than light transmitted 
through the NPE 1 12 is that, where the values of reflectivity of the NPE 
5 surfaces 122 and 124 are significantly less than 1 00%, the fringe pattern is 
superimposed on a low background signal. In other words, the visibility of the 
fringes in the reflected beam 126 may be higher than the visibility of the fringes 
of the transmitted beam 130, at least when the reflectivity of the NPE surfaces 
is relatively low. The ability to detect a fringe pattern from a low reflectivity 
1 0 etalon reduces the manufacturing tolerances on the NPE 1 12, permitting the 
use of a relatively inexpensive, lower precision optic than is typically required in 

p the high reflectivity, planar etalons typically used where the transmitted fringe 

* ! U pattern is measured. 

M Another advantage arising from detection of a reflected fringe pattern is 

fjj 1 5 that the transmitted beam 1 30 may be used for monitoring the power level. 

Measuring total power by using the transmitted beam 130 instead of the 
reflected beam 126 is easier and more accurate since the greater transmitted 
signal is advantageous to accurate power measurement. 
yj The signal from the first detector as a function of wavelength is shown as 

20 curve 502, and the signal from the second detector as a function of wavelength 
is shown as curve 504. The detectors are spaced apart by an amount so that 
their respective signals 502 and 504 are out of phase by about 90°. The 
desired laser output wavelength is given as A s . At this selected wavelength, the 
signal detected by the first detector is u1 and the signal detected by the second 
25 detector is u2. The signals u1 and u2 unambiguously specify the wavelength 
within one period of the NPE wavelength characteristics. The NPE 
characteristic period is also referred to as the free spectral range (FSR). Thus, 
assuming that it is known in which particular period of the detector 
characteristic the laser is operating, then the control unit 140 may adjust the 
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operating wavelength of the laser to maintain the detector signals at u1 and u2. 
It is also apparent from FIG. 5 that the laser 102 may be locked to any 
predefined set of detector values u1 and u2, thereby locking the laser diode to 
any predefined wavelength within the particular period of the wavelength 
5 characteristics. 

The use of the present invention for locking the wavelength of a laser is 
described further with respect to FIG. 6. The laser 602, is operated by a 
number of currents from a current supply 642. The description herein is 
directed to the use of a GCSR laser, but the technique is also applicable to 

1 0 other types of laser, including the vernier dual DBR laser. The GCSR laser 602 
includes a gain section 644 having an active waveguide 646 where light 
passing along the waveguide 646 is amplified. The waveguide 646 is 
connected to a waveguide 648 in a grating coupler section 650. The output 
waveguide 652 from the coupler section 650 is coupled to a waveguide 654 

1 5 that passes through a phase control section 656 to a sampled distributed Bragg 
reflector (SDBR) section 658. The grating coupler section 650, the phase 
control section 656 and the SDBR section 658 provide adjustable frequency 
selection, so that the laser 602 operates in a single longitudinal mode whose 
wavelength can be selected continuously over a large range. 

20 The laser 602 is tuned through the use of injection currents passing 

through the different tuning sections 650, 656 and 658. Course wavelength 
tuning is provided adjusting current la passing into the grating coupler section 
650. The grating coupler section 650 includes a codirectional coupler whose 
coupling efficiency is enhanced by a grating 651. Adjustment of the current 

25 density in the grating coupler region, resulting from changes in la, leads to a 
change in the refractive indices of the layers in the coupler section 650. 
Consequently, the relatively broad wavelength range over which the grating 
coupler section 650 effectively couples light from the lower waveguide 648 to 
the output waveguide is scanned. 
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Intermediate wavelength selection is provided by adjusting current lb 
passing through the SDBR section 658. The SDBR section 658 includes a 
number of DBR sections 657 separated by non-DBR regions. The SDBR 
section 658 typically manifests a reflection spectrum that includes a number of 
5 peaks spaced apart from one another. The combined wavelength selectivity of 
the grating coupler section 650 and the SDBR section 658 results in the 
selection of only one of the SDBR reflectivity peaks. Adjustments in tuning 
current la result in different SDBR reflectivity peaks being selected. 
Adjustments in tuning current lb result in changes in the refractive index of the 
1 0 of the DBR regions, with a concomitant shift in the wavelength of the selected 
reflectivity peak. 

□ It will be appreciated that other frequency selective structures may be 

JS used, in addition to the SDBR structure. For example, a super-structure grating 

M DBR (SSGDBR) may be used, as is discussed in "1 14 nm Wavelength Tuning 

fy 1 5 Range of a Vertical Grating Assisted Codirectional Coupler Laser with a Super 
W Structure Grating Distributed Bragg Reflector", by P-J Rigole et al., IEEE 

Photonics Technology Letters, Vol. 7, No. 7, pp. 697 - 699, July 1995, and 
m incorporated herein by reference. 

Pf Fine control of the wavelength is provided by adjusting the current Ic 

O 20 passing through the phase control section 656. Adjustment of the current Ic 
changes the carrier density in the phase control section 656, thus providing 
control over the optical path length of the phase control section 656, resulting in 
a change in the effective cavity length of the laser 602. The wavelength 
selectivity of the grating coupler section 650 and the SDBR section 658 is 
25 sufficient to select a single longitudinal mode. Thus, a change in the cavity 
length of the laser 602 alters the wavelength of the single longitudinal mode 
emitted by the laser 602. 

Selective adjustment of each of la, lb and Ic may result in substantially 
continuous tuning of the output of the laser 602 over a large wavelength range. 
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Furthermore, it is possible to map the currents, la, lb and Ic, to particular values 
of wavelength. This is advantageous when the laser 602 operates in a WDM 
system, where the laser 602 is required to operate at any one of a number of 
discrete wavelengths for generating a signal at the ITU standard wavelengths. 

Prior to field implementation, the particular values of la, lb, and Ic 
required for operating the laser 602 at each of the ITU standard optical 
communications channel wavelengths, Ai, A 2 , ■ •••An, may be measured and 
stored in a memory unit 660. In addition, the detector values, u1 j and u2j, may 
be measured for each standard wavelength Ai, and also stored in the memory 
660. Thus, the memory 660 includes a look-up table that relates a unique 
combination of values of la, lb, Ic, u1 and u2 for each standard wavelength. 
The value of Ic is typically selected so that Ai is within the acceptable tolerance 
of the standard wavelength, and the side mode suppression ratio (SMSR) is 
maximized. 

Subsequently, after the laser 602 has been implemented in the field, the 
laser 602 is set to operate at a selected one of the ITU standard wavelengths, 

j 

Aj. The processor 662 extracts the currents la h Ibi, and Iq, from the memory 
660 and directs the current supply 642 to apply the currents la„ Ibj, and Icj, to 
the respective laser sections 650, 658 and 656. The processor 662 may select 
the particular operating wavelength in response to a control signal received 
from an input 664. 

The present invention teaches a method that allows locking an arbitrary 
laser emission wavelength by maintaining the two detector signals, u1 and u2, 
at constant values. However, the laser can be tuned to any wavelength within a 
tuning range that is generally much longer than the period of the NPE 112. To 
keep track of which particular NPE period the laser wavelength is operating in, 
the processor 642 uses knowledge of the laser emission wavelength which is 
known to within certain limits through the tuning currents, la,, Ibi, and Iq. By 
selecting the NPE FSR to be longer than the uncertainty in the laser 
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wavelength, the laser may be locked to any predefined wavelength by 
maintaining the two detector values u1 and u2 at predetermined values. The 
uncertainty in the laser wavelength arises due to uncertainty in the current level 
and in aging of the laser characteristics, for example a long term drift in tuning 
characteristic of a tuning section 650, 656 or 658 in the laser with respect to 
current, or a change in the current Ig applied to the gain section 644 required to 
achieve a specific level of output power. 

In the embodiment illustrated in FIG. 6, a portion of the light output from 
the laser 602 is directed by splitter 610 to the NPE 612. The detector unit 628, 
having detectors 628a and 628b, detects the fringe pattern reflected from the 
NPE 612. The signals u1 and u2, from detectors 628a and 628b respectively, 
are directed to an amplifier/digitizer unit 664, where the signals are amplified 
and digitized. The digitized signals are directed to the control processor 662 for 
processing. 

Steps of one particular embodiment of a method for locking the 
wavelength of the laser 602 are listed in FIG. 7. First, at step 702, the 
operating wavelength, Aj, is selected by the processor 662. The processor 
extracts the appropriate tuning currents la„ Ibj, and ICi from memory 660 and 
directs the current supply 642 to apply the tuning currents laj, Ibj, and lq to the 
laser 602, step 704. The signals u1 and u2 are measured, amplified and 
digitized in the amplifier/ADC 664, at step 706, and are compared by the 
processor 662 with the calibrated values u1j and u2j appropriate for the 
wavelength Aj, at step 708. If the measured values of u1 and u2 are within 
acceptable tolerances of u1i and u2j, then the control loop continues, step 710, 
and proceeds with further monitoring of the wavelength. The acceptable 
tolerances of u1j and u2 s are set so that the wavelength of the laser 602 lies 
within the tolerance allowed under the ITU standards, for example 3 GHz for a 
50 GHz channel spacing. 
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If it is determined, at step 708, that the measured values of u1 and u2 
are not within the permitted tolerances, then one or more of the tuning currents 
la, lb, and Ic are adjusted to correct the values of u1 and u2, at step 712. 
Typically, the fine tuning current, Ic, is adjusted first. In most cases, where the 
5 laser characteristics have not changed significantly since the previous 

measurement of u1 and u2, adjustment of Ic is sufficient to correct u1 and u2, 
thus returning the laser emission wavelength to the selected standard value. If 
adjustment of Ic alone is insufficient to correct the laser emission wavelength, 
then both the intermediate tuning current, lb and fine tuning current Ic may be 

10 adjusted in order to correct the values of u1 and u2. 

Once the laser emission wavelength has been corrected, the differences 
between the set current values and those current values required to obtain the 
desired emission wavelength are stored, at step 714. For example, if only Ic is 
adjusted to correct the emission wavelength, then the processor stores a 

15 current correction value Ale. The current correction values may be added to 
the set current values, at step 716, to update the look-up table that contains the 
set current values. For example, if only Ic is adjusted to correct the emission 
wavelength, then the set values lci....lc n may be corrected by adding Ale. 
It will be appreciated that the temperature of the laser 602 is normally 

20 kept constant, so that variations in operation of the laser with respect to 

temperature may be ignored. Thus, Ig set to maintain constant output power, 
at least with respect to temperature variations. The current Ig required to 
produce a given output power may increase over the lifetime of the laser as the 
laser ages. Where the temperature of the laser 602 is not kept constant, the 

25 memory 660 may store a look up table for the various tuning and power 

currents, along with values of u1 and u2, for each standard wavelength as a 
function of temperature. It will also be appreciated that any other parameter 
that changes the laser wavelength, such as temperature, may be used to tune 
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the laser to the desired wavelength, in addition to tuning current, and the 
resulting parameter value stored. 

In the present invention, the NPE's FSR does not need to be closely 
matched to the optical channel spacing of the WDM system, unlike some prior 
5 art approaches. The NPE's FSR is advantageously chosen to be broader than 
the channel spacing, in order to reduce the risk for ambiguous wavelength 
readings if the tuning characteristics of the laser 602 change over time. The 
fact that that the NPE's FSR need not match the channel spacing is 
advantageous, since it strongly relaxes the needed tolerances of component 
1 0 manufacturing and alignment. Such relaxed tolerances constitute an important 
difference between the present invention and approaches that use planar 
n etalons. 

^ On the other hand, the present invention does not preclude that the 

SI NPE's FSR is simultaneously matched to the WDM channel spacing and that 

ry 1 5 the NPE reflection/transmission peaks are aligned with the standard ITU 
S wavelengths. In some circumstances, it may be desirable to match the NPE's 

■ FSR with the channel spacing and also to match a particular periodic feature of 

□ 

m reflection/transmission response with the ITU wavelengths, a condition referred 

jjr to herein as etalon matched operation. An advantage of etalon matched 

□ 20 operation is that the fringe phase detected for each channel wavelength is the 
same and so the need for storing values of u1 and u2 for each channel 
wavelength is relaxed. 

Etalon matched operation may be achieved with the NPE, even if the 
NPE is not manufactured to strict tolerances, by translating the NPE across the 
25 probe beam and by tilting the NPE relative to the probe beam. This may be 
achieved, for example, using the embodiment illustrated in FIG. 8A, which 
schematically shows a probe beam 820 incident on a NPE 822. In this 
particular embodiment, the beam 830 transmitted through the NPE 822 is 
incident on a detector unit 832 having two detecting portions 832a and 832b. A 
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certain fixed value of the fringe pattern may be incident on the detector unit 832 
through judicious placement of the detector. It will be appreciated that a 
detector unit disposed to detect the beam reflected by the NPE 822 may also 
be used. The NPE 822 is held in a mount 836 that provides translation across 
5 the probe beam 820, as indicated by the arrow 837, and tilt relative to the probe 
beam 820, as indicated by the arrow 838. The mount 836 may include a screw 
translator, translation stage or some other suitable mechanism for translating 
the NPE 822 across the beam 820. The mount 836 may also include a pivot to 
provide tilt adjustment. A certain fixed value of the fringe pattern may be 
1 0 incident on the detector unit 832 through judicious placement of the detector 
unit 832. 

The NPE 822 may be translated and rotated to set the FSR and the 
p{ reflection/transmission peak wavelength to any desired values within respective 

y ranges determined in part by the NPE's range of thickness, the radius of 

fy 1 5 curvature of the NPE's non-planar surface or surfaces, and the reflectivity of the 
q NPE's surfaces. This is possible since the NPE 822 offers two degrees of 

B _ freedom in its alignment, namely translational position and tilt. For example, by 

yi tilting the NPE in the probe beam, the nominal optical path length through the 

e ; 

NPE is changed, and thereby the FSR is changed. Similarly, by translating the 
20 NPE across the probe beam, the fringe patterns move on the detectors, thereby 
matching an intensity peak to the current operating wavelength. It will be 
appreciated that, when aligned in this way, a single detector may be used in 
place of a dual detector, and that any another periodic feature of the fringe 
pattern, such as a particular value of the detected power, or its derivative(s) 
25 with respect to wavelength, may be used in place of the intensity peak. 

This advantage is not present when planar etalons are used, as is 
schematically illustrated in FIG. 8B. Translation of a planar etalon 842 across 
the probe beam 840 does not result in a change of thickness of the optical path 
length through the planar etalon 842, and so the fringe pattern produced by the 
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planar etalon 842 does not shift with translation of the planar etalon 842. The 
only degree of freedom in adjusting a planar etalon 842 is in its tilt relative to 
the probe beam 840, as illustrated by arrow 846. Consequently, the planar 
etalon 842 is required to be manufactured with a very precise thickness so that 
5 the FSR matches the WDM channel spacing. 

The NPE may have at least one curved surface. The invention is 
operable for different types of topology selected for the curved surface or 
surfaces. For example, in a NPE having one curved surface and one planar 
surface, the one curved surface may be circularly symmetric surface, such as a 

10 spherical surface or an aspherical surface. The curved surface may also be a 
cylindrical surface, and may be circularly cylindrical, or non-circularly cylindrical. 
Circularly cylindrical means that the curved surface, in a plane parallel with a 
radius of curvature, describes an arc of a circle, whereas non-circularly 
cylindrical means that the curved surface does not describe an arc of a circle. 

1 5 The curved surface may also be toroidal. 

Where the curved surface or surfaces are spherical or aspherical, the 
fringe pattern produced by the NPE is typically circular. FIG. 9 schematically 
illustrates a circular fringe pattern 900 incident on a pair of detectors 928a and 
928b, looking along the direction of incidence of the light on the detectors 928a 

20 and 928b. The extent, h, of the detectors 928a and 928b in the direction 

perpendicular to the line separating the detectors 928a and 928b is limited, so 
that the detecting areas of the detectors 928a and 928b do not overlap both 
bright and dark fringes. Thus, the accuracy of the measurement of the fringe 
brightness is maintained. 

25 Where the curved surface or surfaces are cylindrical, or the NPE is 

wedged, the fringe pattern produced by the NPE is typically linear. FIG. 10 
schematically illustrates a linear fringe pattern 1000 incident on a pair of 
detectors 1028a and 1028b, looking along the direction of incidence of the light 
on the detectors 1028a and 1028b. Unlike the case illustrated in FIG. 9, the 
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extent, h, of the detectors in the direction perpendicular to the direction of 
separation between the detectors need not be limited. The detectors 1028a 
and 1028b may extend up to the full height of the fringes. A result of this 
arrangement is that the detectors 1028a and 1028b receive more light than in 
the configuration illustrated in FIG. 9. Advantages of this approach are that the 
signal to noise ratio (SNR) in the detection of u1 and u2 may be increased, and 
that less light may be directed to the NPE, resulting in more light being directed 
as useful output from the laser system. 

Another arrangement, using a cylindrical or wedged NPE 1022, is 
schematically illustrated in FIG. 10B. In this arrangement, the probe beam 
1020 transmitted by the NPE 1022 is focused to the detectors 1028a and 
1028b using a cylindrical lens 1040. This arrangement is also advantageous in 
that the SNR is increased and that the amount of light directed to the useful 
output may be increased. A cylindrical focusing lens may also be used when 
detecting the fringe pattern produced by light reflected from a cylindrical or 
wedged NPE 1022. It will be appreciated that the NPE may also employ a 
combination of spherical, aspherical and cylindrical surfaces. 

One particular embodiment 1 100 of implementing the present invention 
is shown in FIGs. 1 1 A and 1 1 B. FIG. 1 1 A presents a perspective view while 
FIG. 1 1B presents a view looking along the beam 1 1 14 in the -ve z-direction. 
The light beam 1 106 from the laser (not shown) passes into a beamsplitter 
cube 1110. Although the beamsplitter cube 1110 may be any suitable size, a 
useful dimension for the beamsplitter cube is 2 mm x 2 mm x 2 mm. All 
entrance and exit surfaces of the beamsplitter cube 1110 may be antireflection 
coated so as to reduce losses. The main fraction of the light passes through 
the beamsplitter undeviated as output beam 1114. 

A fraction of the light beam 1 106, for example around 5% is deviated by 
the beamsplitter cube 1 1 10 as probe beam 1 120 towards the first prism 1112. 
A first fraction of the probe beam 1 120, for example 5%-25%, is reflected by 
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the first surface 1 122 of the first prism 1112. The remaining portion of the 
probe beam 1 120 undergoes total internal reflection at the prism reflecting 
surface 1 121. A second fraction of the probe beam, for example 5%-25%, is 
reflected by the second surface 1 124 of the prism 1112. The first and second 
5 surfaces 1 122 and 1 124 may be uncoated or may be coated so as to provide a 
desired level of reflectivity. A useful dimension for the first prism 1 1 12 is to 
approximately match the dimensions if the beamsplitter cube 1110. 

That portion of the probe beam 1 130 transmitted through the first prism 
1 1 12 is directed as a transmitted beam 1 130 towards a power detector 1 1 32. 

1 0 The power detector is typically sufficiently large to detect the entire transmitted 
beam 1130, and may have a detector area having a diameter in the rnage 0.3 
m - 2 mm. The power detector 1 132 may be mounted on a detector carrier 
1 1 34. The detector carrier 1 1 34 may be formed of any suitable mateiral for 
mounting the detectors, such as a ceramic or plastic having leads and bond 

15 pads on its mounting surface 1 135. 

The first and second fractions of the light reflected respectively by the 
first and second surfaces 1 122 and 1 124 of the prism 1112 pass back through 
the beamsplitter cube 1 1 1 0 in the direction opposite to the direction of the 
probe beam 1 120. A portion of the first and second fractions of reflected light is 

20 lost on passing through the beamsplitter cube 1110. That portion of the first 
and second fractions of reflected light that pass through the beamsplitter cube 
form a reflected beam 1126. The reflected beam 1 126 enters a beam-steering 
prism 1 140 that directs the reflected beam 1 126 to a fringe detector 1 128. 
The beam-steering prism 1 140 may have dimensions approximately equal to 

25 those of the beamsplitter cube 1110. The input surface 1 142 and output 

surface 1 144 of the beam-steering prism 1140 may be antireflection coated in 
order to reduce loss and prevent the occurrence of a fringe pattern arising from 
the beam-steering prism 1 140. The fringe detector 1 128 may be an array of 
two or more detectors 1 128a and 1 128b. Any suitable size and separation of 
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detectors 1 128a and 1 128b may be used. In one particular embodiment, the 
detectors are 500 urn x 25 umm with an inter-detector separation of 50 urn - 
100 urn. The fringe detector 1 128 may also be mounted on the detector carrier 
1134. 

In this embodiment, the angles, a and (3, of the prism 1 1 12 are not both 
equal to 45°, and so the prism 1112 operates as an NPE, with the first reflected 
fraction interfering with the second reflected fration at the fringe detector 1 128 
to form a fringe pattern. In another embodiment, one or both of the refelcting 
faces 1 122 and 1 124 may be curved. 

A lens may be placed between the beam-steering prism 1 140 and the 
fringe detector 1 128 in order to concentrate the fringes on the detectors 1 128a 
and 1128b. In another embodiment, one of the surfaces 1142 and 1144 of the 
beam-steering prism 1 140 prism may be curved so as to focus the beam 1 126 
on the fringe detector 1 1 28. 

Either or both of the prisms 1 1 12 and 1 127 may attached to the 
beamsplitter cube 1 1 10 so as to form a single integral beam-steering unit. 
Advantages of this embodiment include mounting the detectors 1 128 and 1 1 32 
on a single carrier 1 134, and a reduced apparatus footprint. 

A laser stabilized using the present invention may be employed in a 
WDM communications system, as illustrated in FIG. 12. The system 1200 
includes a WDM transmitter unit 1202 that includes a number of lasers 1204a - 
1204n operating at different wavelengths, A1 - An. Any of the lasers 1204a - 
1204n may be a laser whose wavelength is stabilized according the present 
invention. In addition, one or more spare lasers 1205 may operate as a 
substitute if any of the lasers 1204a - 1204n fail. The lasers 1204a - 1204n, 
1205 may each include modulators for modulating information onto the 
respective output light beams. The outputs from the lasers 1204a-1204n, 1205 
are combined in a WDM combiner arrangement 1206 and launched as a WDM 
signal into a fiber 1208 that is directed to a WDM receiver 1210. The fiber 1208 
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may include one or more fiber amplifier stages 1218 to amplify the WDM signal 
as it propagates to the WDM receiver 1210. The WDM receiver 1210 
demultiplexes the WDM signal in a demultiplexer 1212 and directs signals at 
different wavelengths A1 - An to respective detectors 1214a-1214n. 

As noted above, the present invention is applicable to stabilizing the 
wavelength of lasers and is believed to be particularly useful for locking the 
operating wavelength of a tunable diode laser to one of a set of standard 
optical communications channel wavelengths. The present invention should 
not be considered limited to the particular examples described above, but 
rather should be understood to cover all aspects of the invention as fairly set 
out in the attached claims. Various modifications, equivalent processes, as well 
as numerous structures to which the present invention may be applicable will 
be readily apparent to those of skill in the art to which the present invention is 
directed upon review of the present specification. The claims are intended to 
cover such modifications and devices. 
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